The energy transfer ͑ET͒ dynamics of closely packed CdSe/ CdS nanocrystal quantum dots ͑NQDs͒ embedded in a planar microcavity were studied by using time-resolved photoluminescence measurements. An increase of ϳ20% was observed in the rates of ET from smaller to larger NQDs in the microcavity as compared with those measured in free space. This behavior was attributed to the enhanced dipole-dipole interactions between donor and acceptor NQDs at the spectral positions of the cavity modes. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2352802͔ Semiconductor nanocrystal quantum dots ͑NQDs͒ have attracted a lot of interest in recent years due to their relatively reproducible and controllable synthetic chemistry and strong size-dependent optoelectronic properties. When closely packed together in solid films, NQDs can interact with each other through dipole-dipole couplings so that such cooperative phenomenon as energy transfer 1-7 ͑ET͒ can occur and may prove useful in the quantum logic and computation schemes requiring communication between QDs.
Semiconductor nanocrystal quantum dots ͑NQDs͒ have attracted a lot of interest in recent years due to their relatively reproducible and controllable synthetic chemistry and strong size-dependent optoelectronic properties. When closely packed together in solid films, NQDs can interact with each other through dipole-dipole couplings so that such cooperative phenomenon as energy transfer 1-7 ͑ET͒ can occur and may prove useful in the quantum logic and computation schemes requiring communication between QDs. 8 It has been reported that the ET rate and consequently the coupling strength of NQDs can be increased by reducing the separation distance, 5 modifying the emission and absorption spectra, [4] [5] [6] and increasing the temperature 2 of the donor and acceptor NQDs. Another potential way of expediting the ET process of NQDs is to change their local optical environment by using microcavity structures. This kind of cavityenhanced ET process has been previously observed in planar microcavities containing donor/acceptor pairs of dye/dye molecules, 9 polymer/polymer molecules, 10 and NQD/dye assemblies. 11 It has been suggested 2 that ET of closely packed NQDs embedded in microcavities could play very important roles in practical NQD-based optoelectronic devices such as lasers 12 and light-emitting diodes. 13 However, to the best of our knowledge, microcavity-enhanced ET between NQDs has not been reported. In this letter, we study the influence of a planar microcavity on the ET dynamics of closely packed CdSe/ CdS core/shell NQDs through timeresolved photoluminescence ͑PL͒ measurements. We observed an increase of ϳ20% in the rates of ET from smaller to larger NQDs in the microcavity as compared with those measured in free space. This behavior can be attributed to the enhanced dipole-dipole interactions between donor and acceptor NQDs at the spectral positions of the cavity modes.
CdSe/ CdS core/shell NQDs with an ϳ4.1 nm CdSe core diameter, a 3 ML CdS shell thickness, and an original quantum yield of ϳ0.5 in solution were used for the current study. The NQDs were mixed with poly͑methylmethacrylate͒ ͑PMMA͒ in a toluene solution and drop cast onto a standard dielectric mirror with a reflectivity of 99.5% in the visible range. The average distance between two nearby NQDs is ϳ1.5 nm and the NQD filling fraction of the NQD/PMMA film is estimated to be ϳ8%. A PMMA thin film with a thickness of ϳ200 nm was then coated on top of the closely packed NQD solid film. Finally, an ϳ50 nm thick silver film was deposited as the top mirror of the cavity by the thermal evaporation technique. The complete microcavity structure with embedded NQDs is schematically shown in Fig. 1 . For comparison, a reference sample was also fabricated with the same features as those of the microcavity one, except without the top silver mirror. The samples were excited with ϳ400 nm, picosecond pulses ͑repetition rate of 82 MHz͒ from a frequency-doubled Ti:sapphire laser. As shown in Fig.  1 , the excitation laser with a power density of ϳ50 W/cm 2 was focused onto the sample surfaces at an incident angle of ϳ45°relative to the surface normal direction. PL of the samples was collected vertically from the sample surfaces by a microscope objective and sent through a 0.5 m spectrometer to a charge-coupled-device camera or a time-correlated single-photon counting system ͑ϳ350 ps resolution͒ for the time-integrated or time-resolved PL measurements at room temperature. For the time-resolved PL measurements, the collected PL was spectrally selected by the spectrometer a͒ Electronic mail: xywang@physics.utexas.edu FIG. 1. Schematic diagram of the planar microcavity structure with embedded CdSe/ CdS NQDs. The excitation laser beam was focused onto the sample surface at an incident angle of ϳ45°relative to the surface normal direction while the PL was collected vertically from the sample surface.
within a narrow bandwidth ͑Ͻ1 nm͒, so that we can study NQDs in a narrow size distribution. Figure 2 shows the broad PL spectrum of the reference sample ͑dashed line͒ with a full width at half maximum of ϳ75 nm, which reflects the inhomogeneous size distribution of NQDs with smaller ͑larger͒ NQDs emitting at the blue ͑red͒ side of the PL spectrum. In Fig. 2 , we also show the PL spectrum of the microcavity sample ͑solid line͒, on which the four peaks are due to the optical emissions of NQDs coupled to the cavity modes. The cavity quality factor ͑Q͒ of ϳ120 is consistent with the previously achieved values for similar planar microcavities with embedded NQDs.
14, 15 The existence of cavity modes at both the blue and red sides of the PL spectrum makes it suitable to study the influence of a planar microcavity on the ET from smaller to larger NQDs. Figure 3 displays the time-resolved PL curves for the reference sample measured at six wavelengths spanning the PL spectrum from the red to the blue side. A faster lifetime component was observed in the decay parts of all the three curves measured at the blue side, with the values of ϳ1.8, 2.2, and 3.1 ns at 580, 600, and 620 nm, respectively. As previously reported, 4, 5 this faster lifetime component is due to the exciton outflow from the smaller ͑donor͒ NQDs to the larger ͑acceptor͒ NQDs in the ET process. Its larger value at longer emission wavelength ͑for larger NQDs͒ reflects the decreasing probability of finding even-larger NQDs nearby that can accept the transferred excitons. It can also be seen from these curves that, besides the faster lifetime component, there also exists a slower component with lifetime longer than 10 ns, which originates from the radiative recombinations of NQDs. 4, 5 The rising parts of these three curves are mainly determined by the ϳ350 ps time resolution of our time-resolved detection system. In contrast, the other three curves measured at the red side ͑640, 660, and 680 nm͒ of the PL spectrum all display long rising times between ϳ1.5 and 3.0 ns, signifying inflow of excitons to the larger NQDs.
The above observations clearly demonstrate the existence of ET between NQDs in the as-fabricated NQD solid film.
The cavity influence on the ET process is shown in Fig.  4 where we compare the time-resolved PL dynamics of the reference and microcavity samples measured at ϳ601, ϳ624, and ϳ649 nm, respectively, corresponding to the first three cavity mode positions in Fig. 2 . Due to the relatively weak PL at the cavity mode position of ϳ670 nm, the related time-resolved PL curve is basically dominated by the background noise and is not shown here. There is nearly no difference in the slower radiative lifetime components for NQDs in the microcavity and free space, so that we can normalize the two time-resolved PL curves measured at each cavity mode position by the slower lifetime components. However, at the 601 nm ͑624 nm͒ emission wavelength, the faster lifetime component changes from 2.4 ns ͑3.7 ns͒ in free space to 1.9 ns ͑2.9 ns͒ in the microcavity. In both cases, the reduction of ϳ20% in the ET-related lifetime implies an expedited ET process in the cavity. In contrast, nearly no difference was observed in the decay parts of the two curves measured at 649 nm where only the slower radiative lifetime is present. We further note that there is a small difference in the rising parts of the two curves measured at this wavelength. The relatively shorter rising time in the microcavity case could be attributed to the expedited carrier inflow from the smaller NQDs coupled to the other two cavity modes in the blue side of the PL spectrum.
According to Ref. 10, dipole-dipole interaction between the donors and acceptors contains the "instantaneous" and "dynamical" parts that can both contribute to the ET process. The instantaneous part, which is related to the Förster ET routinely observed for NQDs in free space, 1-7 is not influenced by the cavity boundary conditions since it is mediated by the longitudinal electric field. In contrast, the dynamical part proceeds through the transverse electric field and is sensitive to the photonic density of states modified by the boundary conditions of the planar microcavity. As seen in Fig. 2 , the spectral positions of the two cavity modes at ϳ601 and ϳ624 nm correspond to the emission transitions of smaller NQDs ͑as donors͒ as well as the absorption transitions of larger NQDs ͑as acceptors͒ with emission transition energies of several tens of meV lower at the red side of the PL spectrum. 4 Due to the cavity-enhanced photonic density of states at these cavity mode positions, the spectral overlap of the emission and absorption transitions can be significantly increased 10 leading to the enhanced rates of ET from smaller to larger NQDs. For the larger NQDs with emission transition at the cavity mode position of ϳ649 nm, the probability of finding even-larger NQDs with absorption transition at the same spectral position is greatly reduced so that they cannot act as efficient ET donors either in free space or in the microcavity. This fact is clearly reflected in Fig. 4 where the slower radiative lifetime component is totally dominant in the two time-resolved PL curves measured at ϳ649 nm for the reference and the microcavity samples, respectively.
As pointed out by Finlayson et al., 11 this kind of planar microcavities can effectively enhance the ET rates while still keeping the radiative lifetime of NQDs nearly unchanged, consistent with the observations reported here. Unlike the ET process which involves both the emission and absorption transitions, the radiative decay process of NQDs is only related to the emission transition. Thus, the two processes of ET and radiative decay should have different sensitivities to the cavity-modified photonic density of states.
In conclusion, we have studied the ET dynamics of closely packed CdSe/ CdS NQDs embedded in a planar microcavity. We found that the ET rates of NQDs can be enhanced through the modified photonic density of states in a planar microcavity. It would be interesting to see if one can engineer the local optical environments to further enhance or even suppress the ET process by using other photonic structures such as photonic crystals 16 
